Thiophene, dimethyl sulfide, and 1-butanethiol were products of Tokyo Kasei Co., Ltd., Tokyo. Polysulfide (liquid polysulfide LD-12, average molecular weight, 4,000, density 1.29, pH 8.0) was obtained from Thioko Chemical Co., New Jersey.
Petroleum products. Khafji crude oil containing 3.2% sulfur was obtained commercially.
Hydrogenated residue oil containing 2.5% sulfur was prepared by hydrodesulfurization of Khafji topped crude oil containing 4.3% sulfur at 430° in the presence of cobalt molybdenum alumina catalyst in H2 (5).
The Khafji residue oil was mixed with 4 volumes of hexane and the mixture stood for 2 days. The asphaltene precipitates were separated by filtration and dried in vacuo. The precipitate contained 6.3% sulfur.
Apparatus.
The apparatus for bacterial culture is shown in Fig. 1 . Carrier gas (H2 or N2) from cylinder A was introduced into the reaction mixture in reaction vessel D through flow meter B and sterilized cotton-wool column C. The reaction mixture contained in vessel D was maintained at 37-38°. The carrier gas was introdued into the Cd and Zn acetate solution' in G to trap H2S.
For the determination of thiophene that escaped, the gas was further led into a trap H containing concentrated H2SO4.
Culture media. The compositions of the culture media are summarized in Table 1 .
Measurement of bacterial growth. Bacterial growth curve was obtainedd by turbidity measurements at 660 m,cc by a Hitachi EPS-3 spectrophotometer, and expressed in terms of gram dry weight per liter medium by a correction factor obtained empirically in this laboratory.
Determination of sulfur. The sulfur content of residue oil, crude oil, asphaltene, polypeptone and dry cells was determined by the bomb method (6).
Estimation of thiophene. Thiophene absorbed in 100 ml of conc. H2SO4 was measured photometrically at 417 mgc. The solution showed a stable absorption with a maximum at 417 mti, which was proportional to the amountt of thiophene up to 4 pl/100 ml.
Thiophene remaining in the reaction mixture was extracted with benzene and determined by the indophenin reaction (7).
Estimation o f H2S. H2S absorbed in the Cd and Zn acetate solution was titrated iodometrically.
H2S absorbed in 20% NaOH solution in manometric experiments was determined by the method of ST. LORANT (8).
1 Zinc containing acetate (40 g) and cadmium acetate (10 g) were dissolved in water acetic acid (30 ml).
(1 liter), VOL. 17 Assay of enzymes Hydrogenase.
Hydrogenase was assayed by the H2 evolution technique (9) at 38°. The activity was expressed in units (,ctmoles H2 produced per min).
Lactate dehydrogenase. Lactate dehydrogenase activity was measured by observing decolorization time of 2 ,moles of methylene blue in the presence of 4 pmoles of lactate in 0.02 M phosphate buffer (pH 7.2) in N2. The activity was tentatively expressed by decolorization time (min) which is proportional to reciprocal of the activity.
Preparation of cell free extract. The cells were collected by centrifugation (6,000x g, 10 min) and suspended in 0.02 M phosphate buffer of pH 7.2 (1 g wet cellsJ50 ml buffer). The suspension (20 ml) was sonicated at 10 kc, 100 W for 10 min at 5° and centrifuged (6,000 x q, 10 min) to obtain the cellfree extract.
Rate of thiophene decomposition. Two identical reaction mixtures were prepared and placed in two Warburg vessels. One (A) of them contained 20% NaOH solution in the center well, and the other (B) contained lead acetate paper. The reaction mixture containing 12.6 ,moles (1 p1) thiophene and 2 ,moles methyl viologen in 0.02 M phosphate ffer (pH 7.2; 2.0 ml) was placed in the main compartment.
Bacterial suss ension in 0.02 M phosphate buffer (pH 7.2) (1.0 ml containing 2 mg cells in dry weight) or cell-free extract in the buffer (1.0 ml containing 0.6 mg dry material) was placed in the side arm. The gas phase was N2 or H2. The reaction was started by the addi t i '1: of bacterial suspension or the cell-free extract from the side arm and the change of gas pressure was measured manometrically at 38°. The gaseous product formed in the vessel A was assumed to be H2, whereas that in the vessel B to be H2+C02.
Lower hydrocarbons (C1 to C4, saturated and unsaturated) were not produced in the course of thiophene decomposition as will be described below. H2S produced was quantitatively absorbed in 20% NaOH solution in the vessel A or lead acetate paper in vessel B. At the end of the incubation, contents in the center well of the vessel A were withdrawn and the amount of H2S was estimated by the colorimetric method of ST. LORANT (8).
In some experiments, thiophene decomposition by bacterial suspension in the culture media was analyzed similarly as the above-mentioned procedure.
RESULTS
Isolation of organic sulfur compound-decomposing bacteria Bacterial sources were sludges collected from oil well or reservoir bottom. The sludge was inoculated to the medium A and the bacteria were cultured in an apparatus shown in Fig. 1 . Bacterial cultures which produced a large amount of H2S were selected, and cultured in the medium B containing 1 % organic sulfur compound such as thiophene, dimethyl sulfide, 1-butanethiol, or polysulfides. On incubation for 2 days anaerobically (in desiccator) at 30°, dark brown precipitate of FeS appeared in Then 0.1 ml of the culture was inoculated into solid medium B taming 1% organic sulfur compound and 1.5% agar in a test an evacuated the medium. Thiophene-decomposing bacteria (isolated from sludges of Khaf ji crude oil). Dimethyl sulfide-decomposing bacteria (isolated from sludges of Khafji crude oil). 1-Butanethiol-decomposing bacteria (isolated from sludges of reservoir bottom of oil well district, Nagaoka). Polysulfide-decomposing bacteria (isolated from sludges of reservoir bottom of oil well district, Nagaoka). VOL. 17 18 ml in capacity.
Several black colonies appeared by incubation of this culture for 2-3 days at 30°. A colony was taken and transferred to the medium B and the above-mentioned procedures were repeated four times. Then the black colony of the final solid medium was inoculated into the medium C and cultured at 38° with bubbling of N2. The cultivation in the medium C was repeated.
By these procedures, four kinds of bacterial cultures which decomposed organic sulfur compounds were isolated. The bacterial culture obtained from thiophene-containing medium was tentatively called "thiophene -decomposing bacteria ." The other tentative names as illustrated in the legend to Fig. 2 are self-explanatory.
Properties of bacteria
The cells contained in the culture of the thiophene-decomposing bacteria were gram-negative rods with average dimension of 3 x 0.5 tc. They were larger and less motile than the well-known sulfate-reducing bacteria (Desulfovibrio vulgaris).
Typical cells present in the four kinds of cultures were examined by electron microscopic observations, and are illustrated in Fig. 2 . In subsequent section of this paper, the results obtained by experiments with thiophenedecomposing bacteria will be described.
Conditions for growth
Effects of temperature and pH on the growth of thiophene-decomposing bacteria are shown in Tables 2 and 3 . The bacteria grew optimally at about 38° and at pH between 7.0 and 7.8. Requirements for nutrients are shown in Table 4 . As shown in this table, polypeptone was essential for the growth in the presence of organic sulfur compounds, but other components seem to enhance the growth to some extent. For the optimal growth, 0.2 g polypeptone per liter was sufficient.
Attempts to replace polypeptone by other nitrogenous nutrient such as rice-bran or sodium glutamate were unsuccessful.
H2S formation from thiophene in growing culture in the medium C The growing culture of the thiophene-decomposing bacteria in medium C (500 ml) was inoculated to 5 liters of the medium C containing 0.2-3.0 ml thiophene and H2S formation was measured at 37-38° by bubbling N2. Droplets of insoluble thiophene at the bottom of the medium disappeared in the course of the growth with concomitant formation of H2S. The time course is shown in Fig. 3 . As shown in the figure the lag period was about 15 hr. The maximum rate of H2S formation was observed 18 hr after the inoculation.
The maximum specific activity was 47 mg sulfur (1.46 mmoles H2S) per hr per g dry weight bacteria and was constant between 17 and 19 hr after inoculation.
The pH value did not change during the growth. The relation between the amount of thiophene added and of H2S produced is shown in Fig. 4 .
The amount of thiophene to give the maximum H2S production was 0.2 ml per 5liters of the medium and the minimum concentration of polypeptone for the maximum H2S production was 0.2 g/liter.
An aliquot (500 ml) of the bacterial culture was withdrawn 40 hr after the inoculation and transferred to a fresh medium C (5 liters) containing thiophene (0.2 ml/5 liters) and the total amount of H2S produced was determined.
The transfer was repeated more than 30 times, and H2S evolution remained constant (76-87 mg H2S/5 liters of culture).
The same bacterial culture catalyzed the evolution of H2S also from benzothiophene (65-67 mg H2S from 0.2 g benzothiophene in 5 liters of culture).
The amount of H2S produced in the absence of added organic sulfur compound was 16 mg H2S from 5 liters of culture.
The possibility of the formation of lower hydrocarbons (C1 to C4, saturated and unsaturated) from thiophene was tested as follows. Instead of the trap H in Fig. 1 , two traps with ice and liquid N2 were set in series. No hydrocarbons were detected by gas chromatography from the deposits in the liquid N2 trap. The sulfur balance is summarized in Table 5 .
H2S evolution from hydrogenated residue oil and asphaltene
A culture of thiophene-decomposing bacteria in medium D (40 ml) was inoculated to the medium D (400 ml) in the presence of hydrogenated residue oil (50 ml~, crude oil (50 ml), or asphaltene (1 g). Evolution of H2S is shown in Fig. 5 .
H2S production can be repeated by successive inoculation of the cultures to the same kind of medium.
Addition of FeP04 (1 g/400 ml) to the medium enhanced the H2S evolution (Fig. 6 ).
Some enzvmic activities of intact cells and cell free extract
Hvdrogenase. Intact cells from culture medium C and the cell-free extract showed a hydrogenase activity. The activity of the intact cells was 1.1 unit/mg dry weight and that of the cell-free extract was 1.5 unit/mg dry weight. Thiophene-decomposing enzyme system. The gas production from thiophene in the presence of bacterial suspension in 0.02 M phosphate buffer (pH 7.2) or in the medium C (pH 7.2) was determined in a warburg vessel as described in "MATERIALS AND METHODS." The results are illustrated in Fig. 7 . H2S production from thiophene in the presence of the cell suspension (10 mg cells, wet weight) in phosphate buffer was 0.17 pmole (;5.5 ~cg S) in 12 hr from 3 ml of the reaction mixture in N2 and that in the medium C was 0.27 t1mole (8.3 ig S). The blue color of reduced methyl viologen was observed in 5 min in H2
or 30-40 min in N2 after the reaction was started.
In the vessel with lead acetate paper in the center well, the production of H2S was shown as soon as methyl viologen was reduced. H2S production was more rapid in H2 than in N2.
H2S production from thiophene in the presence of cell-free extract was also determined. The reaction mixture contained 0.31 mg cell-free extract, 2 imoles methyl viologen, and 12.7 imoles thiophene in 0.02 M phosphate buffer of pH 7.2 (3 ml). The gas phase was H2. (C) Crude oil (50 ml) in medium D (400 ml). Cultivation was carried out at 38° in N2.
-0-Evolution of HZS; -Qabsorbance of the culture at 660mp . (C) Crude oil (50 ml) in medium D (400 ml). Cultivation was carried out at 38° in N2 gas. Evolution of presence of FePO4i -~-in the absence of FePO4; -sproducts in the presence of FePO4 ; and -x ---blank test petroleum products and. FePO4. presence of 20% NaOH (0.2 ml) in the center well, of lead acetate paper in the center well. Gas phase 38°. VOL. 17
The cell-free extract of "thiophene-decomposing bacteria" contains, therefore, an enzyme system which catalyzes H2S production from thiophene. The authors are grateful to Ishikawajima-Harima Heavy Industries Co., Ltd., for support of this study and for permission to publish this report.
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